To investigate the role of posture and other systemic factors in the diurnal variation of clinically significant diabetic macular edema (CSDME). METHODS. Ten eyes of 10 diabetic subjects with CSDME underwent four OCT foveal thickness measurements with Stratus-OCT at 9 AM and 12, 3, and 6 PM consecutively on two different days, with the subject in an upright position on one and in a recumbent position on the other. For the "recumbentposition" measurements, the patients were admitted the night before and remained in bed during the entire day of testing. Clinical laboratory results at baseline included HbA1c, urinary albumin, and serum creatinine. Refraction and Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity were also measured before each OCT measurement was taken. Variations in blood pressure, body temperature, plasma glucose, renin, aldosterone, and cortisol levels were measured and then correlated with macular thickness. RESULTS. Foveal thickening decreased in all cases over the course of the day. The decrease, however, was significantly greater for the upright-position measurements (relative mean Ϯ SD decrease of 20.6% Ϯ 6.5% in the upright position and 6.2% Ϯ 4.6% in the recumbent position). Visual acuity improved by at least 1 ETDRS line in three eyes in the upright position as opposed to only one eye in the recumbent position. There seemed to be no association between any of the systemic factors studied and foveal thickening, with the exception of cortisol. CONCLUSIONS. The results support the hypothesis that posture and hydrostatic pressure play a major role in determining time-related shifts in CSDME and suggest that the forces of Starling's law can in part, account for CSDME formation. (Invest Ophthalmol Vis Sci.
C linically significant diabetic macular edema (CSDME) in diabetic patients may show substantial variability during the course of the day, with macular thickening being at its maximum on awakening and then tending to decrease throughout the day. The use of optical coherence tomography (OCT), which provides quantitative and reproducible measurements of macular thickness, has permitted an objective demonstration of these variations. 1 Frank et al. 2 found consistent decreases in macular thickness with OCT-1 over the course of a waking day in 4 of the10 diabetic subjects in the study and concluded that macular edema might decrease over the day. We found a similar decrease in 9 of 15 diabetic patients with CSDME and foveal thickness of Ն300 m in the morning. 3 Two of these patients also showed better visual acuity over the day. A recent study by Larsen et al. 4 confirmed an overnight increase in CSDME, which tended to be related to a concomitant reduction in visual acuity. Circadian fluctuations in both macular thickening and visual acuity were reported in 16 patients who reported blurred vision on awakening, due to post-central retinal vein occlusion. In these eyes, mean macular thickness was higher, and mean visual acuity was worse at 7 AM than at 7 PM, suggesting an overnight increase in macular thickness. 5 Many factors have been postulated to explain these fluctuations in macular thickness. Our working hypothesis was that the change in macular edema is mainly influenced by postural changes. Variations in arterial blood pressure may also play a role in these observed changes throughout the day. Arterial blood pressure variations normally follow a circadian rhythm, showing typical decreases at night, and numerous diabetic patients have impaired nocturnal blood pressure regulation. 6, 7 Additional factors include temporal differences in blood glucose level, circadian secretion of specific hormones, body temperature, ambient light level, and retinal metabolism.
To test the "gravitational hypothesis," we evaluated the difference in diurnal variation in diabetic macular edema measured on two different days, during which patients were maintained in an upright and recumbent position, respectively. We also analyzed the correlation between retinal thickness variations and HbA1c; serum creatinine; albumin excretion rate at baseline; and diurnal variations in arterial blood pressure, body temperature, plasma glucose, aldosterone, and cortisol levels.
METHODS
We examined 10 eyes of 10 diabetic patients with CSME (five men, five women) aged 53 to 79 years (mean, 67). The study was conducted according to the tenets of the Declaration of Helsinki, and all subjects gave informed consent on full description of the study.
All subjects underwent a complete eye examination before enrollment, including contact lens biomicroscopic funduscopy and visual acuity testing with refraction determined with the chart and protocol of the Early Treatment Diabetic Retinopathy Study (ETDRS). Inclusion criteria included diagnosis of diabetic retinopathy with retinal thickening involving the center of the macula exceeding 300 m in thickness measured with OCT. Exclusion criteria included: history of focal-, grid-, panretinal-photocoagulation, and cataract surgery up to 6 months before; significant media opacities; and macular ischemia on fluorescein angiography. Patients were also excluded if they had chronic liver disease, clinical jaundice, chronic renal failure on dialysis, congestive heart failure, or cancer. We enrolled the first 10 eligible volunteers consecutively. All patients had type 2 diabetes with a mean duration of 15 years. All but three had nonproliferative diabetic retinopathy. Three patients had undergone grid laser photocoagulation, and two patients, panretinal photocoagulation, before entering the study.
Blood samples were taken at baseline to establish levels of glycated hemoglobin, lipids, cholesterol, albumin excretion rate, and serum creatinine. Repeat blood samples were taken at four different sessions during the day (9 AM and 12, 3, and 6 PM) on two different days, during which the patients were in the recumbent on one day and upright position on the other. Each session included ETDRS subjective refraction; best corrected visual acuity (BCVA); and, macular thickness measurements taken with the StratusOCT (Carl Zeiss Meditec, Oberkochen, Germany) Fast Macular Thickness mapping protocol (software ver. 2.0). Each subject was admitted to the hospital the evening before and strictly confined to bed on the day of the recumbent-position data collection. The patients were permitted to get up from bed only for visual acuity testing and OCT macular thickness measurements, which were taken within a 15-minute period. They were not hospitalized for the upright-position measurements and were allowed unrestricted ambulation between sessions on the day of testing. The upright-position measurements were taken within 7 days after the recumbent-position measurement day.
All macular thickness measurements were taken in nondilated eyes by the same experienced examiner with the StratusOCT Fast Mapping protocol that uses 6-mm scans. Correct positioning and absence of artifacts for each of the six radial scans were assessed before analysis according to criteria previously reported by our group. 3 Foveal thickness was defined as the average value for the central 1-mm diameter area of the retina map. Foveal thickening was calculated by subtracting the measured foveal thickness from the average foveal thickness in normal subjects (defined as 209 m, based on a sample of healthy eye measurements taken with our instrument).
To test the effects of body temperature, specific plasma hormones and blood glucose on macular thickness fluctuations, each upright-position session included taking the following readings: body temperature; blood glucose measurements with a test strip; and, renin, aldosterone, and cortisol blood levels. In addition, a noninvasive ambulatory 24-hour blood pressure monitoring device was used in evaluating the role of arterial blood pressure. Daytime mean arterial pressure [MAP ϭ (systolic pressure ϩ 2 diastolic pressure)/3] was based on the mean of 64 measurements recorded every 15 minutes between 7 AM and 11 PM. Nighttime MAP was based on the mean of 16 measurements recorded every 30 minutes between 11 PM and 7 AM. Arterial blood pressure for each time point was taken as the mean of the four measurements recorded between the hours of 8 to 9 AM, 11 AM to 12 PM, 2 to 3 PM, and 5 to 6 PM. A general linear model (GLM) for repeated measures (univariate approach) was used to analyze temporal variations in observational parameters. 8 Relative differences in variations between upright-and recumbent-position measurements were analyzed by using the same method (GLM). The assumptions that the vector of the measures followed a multivariate normal distribution (Shapiro-Wilk test) and that the variance-covariance matrices were circular in form (Mauchly's test) were verified. Correlations between parameters were analyzed with the Pearson test. P Ͻ 0.05 was considered statistically significant (SPSS 13.0.1; Statistical Package for the Social Sciences; SPSS Inc., Chicago, IL). Table 1 . Foveal thickness variations at each session of the two testing days are shown in Figure 1 . Tables 2 and 3 list individual patient results obtained on the upright-position day of testing.
RESULTS

Patient demographics at baseline are listed in
Recumbent-position measurements showed slight decreases in mean foveal thickness Ϯ SD as the day progressed, with an initial mean of 549 Ϯ 119 m at 9 AM, that decreased to 540 Ϯ 118, 531 Ϯ 122, and 532 Ϯ 122 m at 12, 3, and 6 PM, respectively (P Ͻ 0.001). Upright-position measurements showed that mean foveal thickness markedly decreased from 547 Ϯ 115 m at 9 AM to 519 Ϯ 114 m, Posture and Diurnal Variation in CSDME 3319 tively (P Ͻ 0.001). The average relative decrease in foveal thickening (9%, 17.5%, and 20.6%) at 12, 3, and 6 PM for upright-position measurements was significantly greater (P Ͻ 0.001) than corresponding recumbent-position values (3.7%, 5.9% and 6.2%, respectively).
There was a slight statistically significant increase in mean ETDRS score (P ϭ 0.009) as the day progressed on the uprightposition day (62.2 Ϯ 11, 63.3 Ϯ 9, 64.8 Ϯ 10, and 64.9 Ϯ 9, respectively). This trend was not observed in recumbent-position measurements (60.7 Ϯ 11, 61.9 Ϯ 10, 62.6 Ϯ 10, and 61.7 Ϯ 11, respectively, P ϭ 0.063). BCVA improved by one ETDRS line at 12 PM in three eyes on the upright-position day (patients 5, 7, and 9), as opposed to only one eye on the recumbent-position day. Changes in refraction were not observed in any of the subjects throughout the entire period of the study. A negative correlation was found between foveal thickness and visual acuity at all time points (r ϭ Ϫ0.516, P ϭ 0.001; Fig. 2 ).
No correlations were found between changes in macular thickness and baseline parameters (HbA1c, lipids, cholesterol, creatinine, albumin excretion rate; P ϭ 0.818, 0.187, 0.113, 0.126, and 0.174 respectively). The same could be said for correlations with variations in body temperature (P ϭ 0.522), blood glucose (P ϭ 0.256), aldosterone (P ϭ 0.110), and renin (P ϭ 0.360) levels throughout the day. The change in foveal thickening, however, showed a positive correlation with variations in plasma cortisol levels (r ϭ 0.699, P ϭ 0.024; Fig. 3 ).
Changes in arterial blood pressure throughout the day, including differences between day-and nighttime readings, were not statistically significant. (Table 4 ). Fluctuations in foveal thickening measurements on the upright-position day did not show any correlations with arterial blood pressure measurements at 9 AM (P ϭ 0.19), blood pressure changes during the day (P ϭ 0.563), and variations between night and day measurements (P ϭ 0.747). Sequential OCT scans in patient 5, taken on separate days, serve as examples in Figures 4 and 5 . 
DISCUSSION
Our findings suggest that posture plays a role in the diurnal variation of CSDME. All the patients in our series showed minimal foveal thickness variations on the day in which they were strictly confined to bed (supine position), while showing a significantly greater decrease in foveal thickness on the day when they maintained an upright posture. Moreover, three patients with a significant decrease in foveal thickening during the upright-position day also had an increase in visual acuity versus one patient on the recumbent-position day.
Our present finding of an average decrease in mean foveal thickening of approximately 20% on the uprightposition examination day independently confirms our previous OCT study that showed a similar diurnal decrease (of 21%) in nine diabetic patients with a foveal thickness of Ն300 m in the morning. 3 These results are also in agreement with the study of 12 diabetic patients with foveainvolving diabetic macular edema by Larsen et al. 4 that showed an overnight increase in macular thickness of an average of 6.3%, with measurements varying from 316 m in the evening to 376 m in the morning (with concomitant reduction in visual acuity). In contrast, The Diabetic Retinopathy Clinical Research Network (DRCR.net) has recently reported a lower diurnal decrease in relative foveal thickening of 8% in 32 eyes having similar baseline foveal thickness measurements (Ͼ450 m). 9 Although this discrepancy may be explained by the larger number of patients examined in the DRCR.net study, differences in the protocols for maintaining posture in the DRCR.net study and our own study may partly account for the differing results.
Frank et al. 2 were the first to demonstrate that time-related shifts in CSDME, using quantitative OCT measurements, do occur. Diurnal decreases in macular edema that may result from postural changes were first suggested, however, by Sternberg et al. 10 in 1982 as a possible hypothesis to explain their observations. Our study was based on this hypothesis and specifically designed to investigate the effect of postural changes on fluctuations in macular edema. Our protocol was designed to assure that all patients were kept supine on the recumbent-position data collection day, permitting limited ambulation only for OCT and visual acuity testing. Our findings support the theory of what may happen on postural changes, in that the increase in orbital venous pressure after the positional change from upright to recumbent may increase the hydrostatic pressure in retinal capillaries and favor water-flux movement from the vascular compartment into the tissue interstitial compartment in accordance with Starling's law. Conversely, in moving from a supine to an upright position, the decrease in retinal capillary intravascular pressure may reduce fluid leakage and lessen the degree of edematous thickening. This mechanism has also been proposed as one of the major factors influencing macular edema and visual acuity fluctuations in patients with central retinal vein occlusion. 5 Studies by Anarsson and Stefansson 11, 12 have also suggested that macular edema follows the principles of Starling's forces. The upright posture may also induce a decrease in foveal thickening by favoring a gradual downward displacement of the intraretinal fluid from the uppermost to the lowermost macular zones, with no change in the total macular volume over time. However, the retinal thickness variations of the inner and outer four ETDRS regions of the OCT retina map from both our previous 3 and current (data not shown) studies show a "generalized" retinal thickness reduction over the course of the day, with no differences between the superiormost and inferiormost macular zones. These results may be indicative of a reduction in entire macular volume over time.
The second objective of our study was to investigate the role of variations in arterial blood pressure, body temperature, plasma glucose, renin, aldosterone, and cortisol levels. Our analysis also included baseline HbA1c, plasma lipids, cholesterol, urinary albumin, and serum creatinine levels.
It is well known that macular edema can be aggravated by high systemic blood pressure and that a tight control of hypertension can significantly reduce the risk of CSDME. 13, 14 Diabetic patients usually have an impaired retinal autoregulatory capacity, and increases in blood pressure may cause an increased vascular pressure in the capillary bed. 15 Studies have shown correlations between arterial blood pressure levels at night and the severity of macular edema in both diabetic patients and subjects who have macular edema secondary to central retinal vein occlusion. 4, 5 In contrast, our patients did not show any effects of arterial blood pressure variations. Although this may be explained by the small number of patients considered in our study, we are in agreement with Larsen et al. 4 in that other "chronic" mechanisms independent of "acute" changes in arterial blood pressure are involved in the maintenance of diabetic macular edema and may counteract the effect of circadian blood pressure changes, which include Our study did not show any correlations with HbA1c, plasma lipids, cholesterol, urinary albumin, and serum creatinine levels. This was also true of diurnal fluctuations in plasma glucose and of the circadian rhythms of hormones that are involved in volume homeostasis and vascular permeability, such as renin and aldosterone. The number of subjects in our study was limited, and thus definite conclusions regarding the influence of these parameters on the process of edema formation cannot be drawn. Surprisingly, decreases in foveal thickening seemed to correlate with decreases in diurnal plasma cortisol. It has been well established that cortisol secretion follows a circadian rhythm and that plasma levels fluctuate throughout the day, showing higher levels in the morning and lower levels in the evening. 16 Considering that cortisol is directed at maintaining endothelial integrity, vascular permeability and the distribution of total body water within the vascular compartment, we expected an opposite trend toward smaller decreases in foveal thickening with decreasing concentrations of cortisol. Although our findings could be explained by chance alone based on the small number of patients, another hypothesis may be put forth to explain these results. Considering that corticosteroid-related effects are mostly mediated by intracellular genomic regulations that require several hours after corticosteroid exposure, the patterns in macular thickness changes and cortisol secretions may be shifted temporally by several hours and not act in a parallel manner. If this is the case, a greater decrease in cortisol secretion during the day could correlate with a greater overnight increase in macular edema and, consequently, a greater decrease during the day. Further studies with a larger group of subjects are needed to determine the role of cortisol secretion in circadian variations of macular edema.
In summary, this study demonstrates that postural changes play an important role in determining circadian fluctuation in CSDME. The findings suggest that orthostatic variations in venous blood pressure may influence hydrostatic pressure gradients across the blood-retinal barrier and contribute to water movement and CSDME formation, according to the principles of Starling's law. 
